Trypanosoma cruzi adenylyl cyclases are encoded by a large polymorphic gene family. Although several genes have been identified in this parasite, little is known about the properties and regulation of these enzymes. Here we report the cloning and characterization of TczAC, a novel member of T. cruzi adenylyl cyclase family. The TczAC gene is expressed in all of the parasite life forms and encodes a 1,313-amino acid protein that can complement a Saccharomyces cerevisiae mutant deficient in adenylyl cyclase activity. The recombinant enzyme expressed in yeasts is constitutively active, has a low affinity for ATP (K m ‫؍‬ 406 M), and requires a divalent cation for catalysis. TczAC is inhibited by Zn 2؉ and the P-site inhibitor 2-deoxyadenosine 3-monophosphate, suggesting some level of conservation in the catalytic mechanism with mammalian adenylyl cyclases. It shows a dose-dependent stimulation by Ca 2؉ which can be reversed by high concentrations of phenothiazinic calmodulin inhibitors. However, bovine calmodulin fails to stimulate the enzyme. Using a yeast two-hybrid screen it was found that TczAC interacts through its catalytic domain with the paraflagellar rod protein, a component of the flagellar structure. Furthermore, we demonstrate that TczAC can dimerize through the same domain. These results provide novel evidence of the possible localization and regulation of this protein.
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Trypanosoma cruzi adenylyl cyclases are encoded by a large polymorphic gene family. Although several genes have been identified in this parasite, little is known about the properties and regulation of these enzymes. Here we report the cloning and characterization of TczAC, a novel member of T. cruzi adenylyl cyclase family. The TczAC gene is expressed in all of the parasite life forms and encodes a 1,313-amino acid protein that can complement a Saccharomyces cerevisiae mutant deficient in adenylyl cyclase activity. The recombinant enzyme expressed in yeasts is constitutively active, has a low affinity for ATP (K m ‫؍‬ 406 M), and requires a divalent cation for catalysis. TczAC is inhibited by Zn 2؉ and the P-site inhibitor 2-deoxyadenosine 3-monophosphate, suggesting some level of conservation in the catalytic mechanism with mammalian adenylyl cyclases. It shows a dose-dependent stimulation by Ca 2؉ which can be reversed by high concentrations of phenothiazinic calmodulin inhibitors. However, bovine calmodulin fails to stimulate the enzyme. Using a yeast two-hybrid screen it was found that TczAC interacts through its catalytic domain with the paraflagellar rod protein, a component of the flagellar structure. Furthermore, we demonstrate that TczAC can dimerize through the same domain. These results provide novel evidence of the possible localization and regulation of this protein.
Adenylyl cyclases, the enzymes responsible for cAMP synthesis, have been classified in different families according to their biochemical and structural properties (1, 2) . The mammalian adenylyl cyclases that present 12 transmembrane domains (families I-IX) have been the most studied and well characterized members of these families. All of these isoforms share a conserved structure with two domains of six transmembrane helices (MI 1 and MII) and two intracellular catalytic domains (CI and CII), highly homologous but not identical, which are both required to achieve maximal catalytic activity.
Trypanosomatid adenylyl cyclases share little sequence homology with their mammalian counterparts and have a completely different structure. So far, these proteins have been described to have a unique intracellular catalytic domain, which is highly conserved, one transmembrane domain, and a large extracellular variable N-terminal domain, a structure that resembles that of guanylyl cyclase receptors (3) (4) (5) (6) .
Adenylyl cyclases and cAMP have been involved in the differentiation process of trypanosomatids (7) (8) (9) (10) (11) (12) (13) (14) . In Trypanosoma cruzi a peptide produced by proteolysis of ␣ D -globin in the hindgut of Triatoma infestans vector can stimulate adenylyl cyclase activity and induce differentiation of epimastigotes to metacyclic trypomastigotes (9, 10) . In addition, peptides released from proteolysis of fibronectin increase cAMP levels in trypomastigotes (11) and cAMP analogs and phosphodiesterase inhibitors have also been reported to induce the differentiation of this parasite (12) . Similar to this, in Trypanosoma brucei two peaks of cAMP have been observed previous to the differentiation from bloodstream to procyclic forms (13) . Furthermore, a low mass factor purified from high density cultures of the T. brucei slender form triggers cell cycle arrest and differentiation through a mechanism likely mediated by cAMP (14) .
Another second messenger that has been connected to the trypanosomatid differentiation process is calcium (15, 16) . The addition of T. infestans intestinal homogenate, which has been shown to trigger this process, induces an increase in intracellular calcium levels in T. cruzi epimastigotes. Moreover, Ca 2ϩ chelators and calmodulin inhibitors decrease or even block the in vitro differentiation of T. cruzi (16) .
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The manner (22) . However, the role of this structural protein in the calcium signaling pathway remains unknown.
This article provides novel information on the molecular and biochemical characteristics of the first calcium-activated adenylyl cyclase from T. cruzi. This enzyme can dimerize through its catalytic domain and also interact with the flagellar protein paraflagellar rod, providing new information to the understanding of the regulatory mechanism of the cAMP signaling pathway in this parasite.
EXPERIMENTAL PROCEDURES
Materials-All radiochemicals used in this work were purchased from PerkinElmer Life Sciences. Restriction endonucleases were from New England Biolabs Inc., Beverly, MA. All other reagents were purchased from Sigma. Bacto-tryptose, yeast nitrogen base, and liver infusion were purchased from Difco Laboratories.
Cell Cultures-T. cruzi epimastigote forms (CL Brenner strain) were cultured for 7 days at 28°C in LIT medium (5 g/liter liver infusion, 5 g/liter Bacto-tryptose, 68 mM NaCl, 5.3 mM KCl, 22 mM Na 2 HPO 4 , 0.2% glucose, 0.002% hemin) supplemented with 10% calf serum, 10 units/ml penicillin, and 10 mg/liter streptomycin. Cell viability was assessed by direct microscopic examination. T. cruzi trypomastigote forms were a gift from Dr. M. Maria Julia Manso-Alvez.
Saccharomyces cerevisiae strains, T503A (Mat-␣, leu2, his3, trp1, ura3, cyr 1-2) and L40 (Mat-␣, his3D200, trp1-901, leu2-3,112 ade2 LYS2::(lexAop) 4 -HIS3 URA3::(lexAop) 8 -lacZ) were grown in YPD medium at 30°C before transformation. Transformants were selected in minimal medium containing 0.17% yeast nitrogen base (without amino acids and ammonium sulfate), 0.5% ammonium sulfate, and 2% glucose, supplemented with the corresponding amino acid mixture. The minimal medium used for two-hybrid assays also contained 1% succinic acid and 0.6% NaOH.
Preparation of T. cruzi DNA and RNA-Genomic DNA was purified as described by Pereira et al. (23) . Total RNA was prepared from 4ϫ10 10 epimastigotes using the total RNA isolation (TRIzol) reagent (Invitrogen) as described by the manufacturer.
Cloning of Genomic TczAC-Two degenerate oligonucleotides were designed from previously cloned adenylyl cyclases from Leishmania donovani and T. brucei (5Ј-AC(G/T/C)CT(G/T/C)AT(C/T)TT(C/T)AC(G/ T/C)GA(C/T)AT-3Ј L1 primer and 5Ј-GA(A/G)GT(G/T/C)AAGAC(G/T/ C)GT(G/T/C)GG(G/T/C)GA-3Ј L2 primer). PCR amplifications were carried out using 600 -800 ng of T. cruzi genomic DNA, 100 ng of each primer, 2.5 mM MgCl 2 , 0.2 mM dNTPs, and 1-2 units of Taq polymerase (Promega, Madison, WI). After sequencing, the 642-bp product showed homology to trypanosomatid adenylyl cyclases. This fragment was used as a probe to screen a FIX II (Stratagene, La Jolla, CA) genomic library from T. cruzi (24) . DNA from one phage clone was purified using the Qiagen Lambda midi kit (Qiagen, Valencia, CA) following the manufacturer's instructions. Oligonucleotides designed from the sequence previously obtained were used for sequencing.
Northern and Southern Blot-For Northern blot analysis, 15 g of total RNA was electrophoresed on a 1.5% formaldehyde-agarose gel, transferred to a Hybond N ϩ nylon membrane (Amersham Biosciences), and hybridized at 65°C in Church's buffer (1% bovine serum albumin, 7% SDS, 1 mM EDTA, pH 8, 0.5% Na 2 PO 4 ) with the specific TczAC probe. This probe was obtained by PCR amplification of phage DNA with the primers 5Ј-CAGCCGTCGGGTGGTGACCGTGTC-3Ј and 5Ј-TTAACCACTGGCACAGTCACTATA-3Ј. Blots were subjected to sequential stringent washes at 65°C and exposed to AGFA CP-BU NEW films (AGFA-Gevaert N.V., Belgium).
Southern blot analysis were performed with 5 g of genomic DNA previously digested with the indicated restriction endonucleases. The products were resolved on 0.8% agarose gels, transferred, and hybridized as described for Northern blots.
Labeling DNA Probes-All probes were labeled with [␣-32 P]dCTP using the Prime-a-Gene kit (Promega) following the manufacturer's instructions.
Reverse Transcription-PCR-cDNA for PCR amplification was obtained from total RNA of epimastigote, trypomastigote, and amastigote forms of T. cruzi using the ThermoScript TM reverse transcription-PCR system (Invitrogen) following the manufacturer's instructions. Amplifications were performed using a specific oligonucleotide from the 5Ј-untranslated region of TczAC and an oligonucleotide within the coding region which were not present in previously described TczAC sequences.
Complementation Assay-TczAC full-length or catalytic domains (CD; amino acids 854 -1105) were amplified using the following oligonucleotides: 5Ј-ATGGCGGTGGGATGGGTGGCTGTG-3Ј (forward Mx6) plus 5Ј-TTATTGAGGAATAGACGGAGATCC-3Ј (reverse Mx7) and 5Ј-TACTTCAGCCACAGCTCGCGTGAC-3Ј (forward Mx1) plus reverse Mx7, respectively. The products were subcloned in the pYES2 yeast expression vector (Invitrogen). The T503A yeast strain was transformed with this constructions using the lithium acetate procedure (25) , and the transformants were selected in minimal medium lacking uracil (ura Ϫ medium) at 30°C. For complementation assays, transformants were plated at 34°C in minimal medium lacking uracil and glucose and supplemented with 2% raffinose, 3% galactose, and 2% glycerol (gal ϩ medium) to induce the vector promoter. Controls were grown at 30 and 34°C in the presence of cAMP. No differences were observed under these conditions. Soluble Extracts and Membrane Preparation-Yeast transformants were grown for 2 days in ura Ϫ medium, centrifuged at 4,000 ϫ g for 5 min, resuspended in gal ϩ medium, and grown for 16 h more. Cells were harvested, washed twice with cold TE buffer, resuspended in lysis buffer (20 mM Tris-HCl, pH 7.5, 20% glycerol, 1 mM dithiothreitol, 0.1 mM phenylmethylsulfonyl fluoride, 25 units/ml aprotinin, 0.5 mM N ␣ -ptosyl-L-lysine chloromethyl ketone), and lysed by 10 cycles of 1 min of vortexing in the presence of glass beads (425-600 m) and cooling on ice. Unbroken cells were discarded by centrifugation at 2,500 ϫ g at 4°C. The supernatants were centrifuged further for 1 h at 100,000 ϫ g. The pellet was resuspended in 20 mM Tris-HCl, pH 7.5, 5% glycerol plus antiproteases and used as a membrane fraction.
T. cruzi cultures were centrifuged at 4,000 ϫ g for 5 min at 4°C, resuspended in lysis buffer, and broken by 10 cycles of freezing in liquid N 2 and thawing at 4°C. Soluble extracts and membranes were then prepared as described for yeast.
For endogenous calmodulin displacement, membranes were washed with 20 mM Tris-HCl, pH 7.5, 5% glycerol, 5 mM EGTA, and 0.1 mM NaCl with stirring for 30 min at 4°C and then washed twice with resuspension buffer to eliminate all EGTA.
Adenylyl Cyclase Assay-Adenylyl cyclase activity was determined as described by Yeast Two-hybrid Screening Assay-The CD of TczAC used for complementation assays was subcloned in the pBTM116 vector (trpϩ) in fusion with the LexA DNA binding domain (27) . The construct was used to transform the L40 strain. Expression of the fusion protein was confirmed by Western blot analysis using anti-LexA antibodies (CLONTECH), and correct folding of the catalytic site was confirmed by adenylyl cyclase assays. L40 cells expressing the LexA-TczAC fusion protein were transformed with 300 g of a T. cruzi cDNA library subcloned in the pVP16 vector (leu ϩ (28)). Transformants were selected by growing in minimal medium lacking tryptophan and leucine for 16 h to obtain an efficient expression of the HIS3 gene. Positive clones were then selected for histidine protrotrophy and assayed for ␤-galactosidase activity. cDNA fragments subcloned in the pVP16 vector from positive clones were amplified by PCR from yeast plasmid extracts using primers matching the vector sequences. The amplified fragments were subcloned in the pGEM-T-easy vector (Promega) and sequenced.
Dimerization Assay-L40 yeasts expressing CD-LexA were transformed with the plasmid pGAD (leu ϩ ) also containing the CD region of the TczAC gene but in fusion with the Gal4 transcription-activating domain (CLONTECH). Positive clones were selected as described previously, and ␤-galactosidase assays were performed to assess dimerization of the catalytic domain.
␤-Galactosidase Assay-For plate assays of ␤-galactosidase activity, yeast cells were grown in the corresponding minimal medium and transferred to a nitrocellulose membrane. Cells were permeabilized by floating for 30 s and then submerging for 5 s more in liquid N 2 . Membranes were suspended in Whatman 3MM filters soaked in Z buffer containing 0.06% 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-gal; Amresco Inc., Solon, OH). Liquid assays were performed as described by Pestka et al. (29) . Experiments were performed in triplicate.
Sequence Analysis-Sequence identity was analyzed using the BLAST program (www.ncbi.nlm.nih.gov/blast/index.html). Signal peptide and transmembrane regions were determined using the programs SMART (smart.embl-heidelberg.de/), DAS (www.sbc.su.se/ϳmiklos/ DAS/), SPLIT (pref.etfos.hr/cgi-bin/split/), TMPRED (www.ch.embnet. org/software/TMPRED_Form.html), and PRED-TMT (o2.db.uoa.gr/ PRED-TMR/).
RESULTS
Cloning and Characterization of the TczAC Gene-Two degenerate oligonucleotides designed from L. donovani and T. brucei adenylyl cyclase gene sequences were used to amplify a DNA fragment from T. cruzi genomic DNA. A 642-bp fragment was obtained and sequenced, showing a significant homology with previously cloned trypanosomatid adenylyl cyclases. The fragment was used to screen a FIX II genomic library from T. cruzi (24) . After three rounds of screening, six clones with 10 -15-kbp inserts were isolated. One of these clones was sequenced and revealed an open reading frame coding a 1,313-amino acid polypeptide (Fig. 1A) . This sequence was designated TczAC and deposited in the GenBank data base under the accession number AAC61849.
Transmembrane regions predicted using the DAS software showed that TczAC has five putative transmembrane domains, corresponding to amino acid positions 1-38, 608 -628, 658 -679, 830 -852, and 1281-1307 (Fig. 1B) . The first domain corresponds to a predicted signal peptide with a putative cleavage site between amino acids 37 and 38. If only the domain with higher score (amino acids 830 -852) is considered, the structure of TczAC would be identical to those assigned previously to trypanosomatid adenylyl cyclases having a large extracellular N-terminal domain, a unique transmembrane domain, and one intracellular catalytic domain (5-7). However, compared with the 12 transmembrane domains of the mammalian adenylyl cyclase Cya1 (Fig. 1B) , the possibility that the other predicted regions could represent transmembrane domains should not be discarded. If all of these elements are taking into account, TczAC would differ from the previously described structure of trypanosomatid proteins in that the extracellular N-terminal domain would be connected by three transmembrane spans to the catalytic domain, and this one would be anchored to the membrane by its C-terminal hydrophobic region resembling mammalian adenylyl cyclase catalytic domains. Similar results were obtained using the programs TMPRED, SPLIT, and PRED-TMR.
Using the Blast program, it was found that TczAC presents an identity with trypanosomatid adenylyl cyclases which varies from 60 to 67% for T. cruzi enzymes to 35 to 48% for L. donovani and T. brucei enzymes (Table I ). In contrast, the identity observed with mammalian adenylyl cyclase was less than 25%. Dyctiostelium discoideum-specific germination adenylyl cyclase (ACG) was also compared because it has a trypanosoma-like structure. The sequence identity with this protein was very low as well. Further analysis showed that the sequence corresponding to the catalytic domain was highly conserved, up to 80%, whereas the N-terminal domain was less conserved (Ͻ57%) and showed no significant similarity with mammalian counterparts (Table I) .
Despite the poor conservation between TczAC and mammalian adenylyl cyclases, most of the amino acids required for catalytic activity and ATP specificity were strongly conserved (Fig. 1C) . In contrast, amino acids involved in the interaction with the diterpene activator forskolin and G␣ or ␤␥ subunits of G proteins were absent, suggesting a different regulatory mechanism for this enzyme (Fig. 1C) .
It is worth mentioning that the putative signal peptide of TczAC presented no homology, even compared with trypanosomatids proteins. This may suggest that this sequence could act as a specific localization signal for TczAC.
Southern blot analysis using a specific probe representing most of TczAC gene (nucleotides 112-3292) showed that even when T. cruzi genomic DNA was digested with restriction endonucleases that do not cut within the TczAC gene, more than one band was recognized. This confirms that TczAC is part of a large multiple gene family of T. cruzi ( Fig. 2A (6) ).
Northern blot analysis of T. cruzi epimastigote RNA reveals at least three bands, of ϳ5.8, 4.7, and 3.9 kbp, indicating that more than one isoform of this protein are expressed in this stage of the parasite (Fig. 2B) .
Complementation of Yeast Adenylyl Cyclase-deficient Strain by TczAC-DNA fragments corresponding to the TczAC fulllength sequence or the CD were cloned in the yeast expression vector pYES2. The T503A yeast strain was transformed with these constructions. This strain has a thermosensitive adenylyl cyclase inserted in the cyr1-2 allele and cannot grow at 34°C in the absence of exogenous cAMP. Full-length TczAC and a control plasmid containing the yeast wild type cyr1 gene, but not the empty pYES2 vector, were able to rescue the mutation, allowing yeast growth at the restrictive temperature (Fig. 3A) . The TczAC CD showed less growth, suggesting a partial complementation. At 30°C no differences were observed among all transformants (Fig. 3A) .
Adenylyl cyclase activity was measured in soluble and membrane extracts of the complemented yeast cells. The full-length protein TczAC showed the highest specific activity (93.7 Ϯ 1.5 pmol of cAMP/min/mg) associated with the membrane fraction (Fig. 3B ), but the CD showed significant lower activity associated with both particulate (7.2 Ϯ 2.7 pmol of cAMP/min/mg) and soluble extracts (4.2 Ϯ 0.5 pmol of cAMP/min/mg). The membrane association of the CD may indicate its anchor to the plasma membrane through the hydrophobic residues in the C-terminal region of TczAC. The lower activity observed for this domain would explain the partial complementation phenotype. It is important to emphasize that the transformants expressing the cyr1 gene showed very low activity. This did not correlate with the growth observed at 34°C. It is possible to speculate that because this enzyme would be correctly regulated, small amounts of it would be enough to generate the cAMP levels required for growth.
Biochemical Characterization of TczAC-TczAC activity was characterized in membrane preparations of yeast cells expressing the entire protein. In these cells, TczAC is constitutively active and shows 8 -10-fold less activity when assayed in the presence of Mg 2ϩ than Mn 2ϩ as a divalent cation (Fig. 4A ). It has a low affinity for ATP with a K m of 406 Ϯ 55 M, a value within the range reported for trypanosomatid enzymes (Fig.  4B) . The enzyme is specific for ATP because a 20-fold excess of GTP did not affect its activity (data not shown).
Zn 2ϩ is known to inhibit mammalian adenylyl cyclases by binding to the A metal binding site (30) . In TczAC the metalbinding residues are conserved with mammalian enzymes (Fig.  1B) so the effect of this divalent cation was tested. When added to the reaction mixture, Zn 2ϩ inhibited the enzyme with an IC 50 of 7 Ϯ 2 M (Fig. 4C) .
To characterize further the catalytic mechanism of TczAC, the effect of the P-site inhibitor 2Ј-deoxyadenosine 3Ј-monophosphate (2Јdeoxy-3ЈAMP) was also analyzed. P-site inhibitors are adenosine or adenine derivatives that specifically inhibit mammalian adenylyl cyclases by binding to the purine ring binding site (31, 32) . 2ЈDeoxy-3ЈAMP inhibited TczAC with an IC 50 of ϳ100 M. This value is between those reported for mammalian (Ͻ1 M (33)) and bacterial (Ͼ1 mM (34)) adenylyl cyclases.
As expected from the sequence analysis, the recombinant enzyme responded neither to the diterpene forskolin nor to the G protein regulators GTP␥S, AlF3
Ϫ , cholera toxin, or pertussis toxin (data not shown). This is in agreement with previous biochemical data obtained from T. cruzi and T. brucei membranes (35-37).
Our group has previously reported the stimulation of adeny- 12-transmembrane span adenylyl cyclase using the Dense Alignment Surface (DAS) method. C, multiple amino acid sequence alignment of TczAC catalytic domain. Sequences were aligned using ClustalW multiple alignment program. Bold underlined letters represent amino acids involved in the interaction with G␣ subunit, white letters highlighted in black correspond to forskolin-binding residues, white letters highlighted in gray to metal binding residues, black letters highlighted in gray to pyrophosphate-binding residues. Boxed letters represent amino acids of the hydrophobic pocket. Asterisks show amino acids that confer specificity for ATP, and filled circles show residues involved in the interaction with ATP substrate. The black line indicates the region predicted to interact with the G␤␥ subunit. Cya1, bovine type I adenylyl cycles, CI and CII catalytic domains (P19754); ACG, D. discoideum adenylyl cyclase (Q03101); NPGR, human natriuretic peptide guanylyl cyclase receptor (NP_000897); GRESAG 4.3, T. brucei adenylyl cyclase (Q99280); TcADCYC1, T. congolense adenylyl cyclase (Z67964); eESAG4c, T. equiperdum adenylyl cyclase (P26338). lyl cyclase activity by the globin-derivative factor peptide in T. cruzi membranes (9, 10; see also the Introduction). Therefore, it was interesting to study the effect of this peptide on TczAC activity. When adenylyl cyclase assays were carried out using yeast recombinant membranes in the presence of globinderivative factor concentrations up to 100 M no effect could be observed (data not shown). This indicates that globin-derivative factor does not regulate TczAC activity but does not eliminate the possibility that this peptide could act through another member of this family.
Calcium Stimulation of TczAC-Ca 2ϩ was found to stimulate TczAC adenylyl cyclase activity 2-3-fold with a K m of 224 Ϯ 26 M. The response to Ca 2ϩ was dose-dependent ( Fig.  5A ) and required the presence of either Mg 2ϩ or Mn 2ϩ . It was also biphasic because concentrations higher than 1 mM inhibited the enzyme. The calmodulin blockers chlorpromazine, trifluophenazine, and fluperazine were found to inhibit recombinant TczAC at concentrations higher than 100 M, with IC 50 values of 250 Ϯ 11, 210 Ϯ 4, and 286 Ϯ 7 M, respectively (Fig.  5B) . The high concentrations required to block the calcium-dependent stimulation may indicate a nonspecific inhibition of the enzyme. To investigate this point further, assays were performed in the presence of increasing concentrations of bovine calmodulin. When assayed using Ca 2ϩ concentrations within the K m range, bovine calmodulin failed to stimulate TczAC (Fig. 5C) . Furthermore, when competition assays were carried out in the presence of increasing concentrations of a peptide corresponding to the calmodulin binding domain of calmodulin-dependent kinase II, which binds to calmodulin with high affinity, no inhibition was observed (Fig. 5C ). This could indicate that calmodulin would not regulate TczAC activity. However, it was possible that recombinant yeast membranes could contain endogenous Ca 2ϩ -calmodulin complexes as described for bovine brain membranes. Bovine brain adenylyl cyclase does not respond to calmodulin unless it is washed extensively with EGTA-containing buffers. To investigate this possibility, yeast recombinant membranes were washed with 5 mM EGTA before being assayed in the presence of calmodulin. Supporting our previous results, washed membranes showed the same response to Ca 2ϩ and Ca 2ϩ -calmodulin, indicating that TczAC it is not regulated by this modulator (Fig. 5D ). In contrast, as was expected, bovine brain washed membranes did respond to calmodulin (Fig. 5E ).
As described above, Zn 2ϩ showed an inhibitory effect on TczAC activity, whereas Ca 2ϩ showed a calmodulin-independent stimulatory effect. To address whether there was a relationship between these divalent cations, Zn 2ϩ inhibition assays were performed in the presence of two different concentrations of calcium. As can be observed in Fig. 5F , Ca 2ϩ had no effect on Zn 2ϩ inhibition, even at concentrations 200-fold higher, indicating that these ions do not compete for a binding site.
Recombinant TczAC was found to be stimulated by calcium at concentrations similar to those reported for T. brucei adenylyl cyclase ESAG4 (38) . However, these concentrations are above those of T. cruzi intracellular calcium (39, 40) . To analyze whether the calcium regulation of adenylyl cyclase activity could be physiologically relevant, adenylyl cyclase assays were performed in membranes from the noninfective epimastigote forms and infective trypomastigote forms of the parasite. Interestingly, calcium was found to stimulate the adenylyl cyclase activity only in trypomastigote membranes (Fig. 6) . The activation was dose-dependent and within a physiological 
FIG. 2. Southern and Northern blot analysis of TczAC.
A, Southern blot. 5 g of T. cruzi genomic DNA was digested with the endonucleases indicated. After electrophoresis in 0.8% agarose gels, it was transferred and hybridized with a specific probe representing most of the TczAC gene. Asterisks represent restriction enzymes that do not cut within the TczAC gene. B, Northern blot. 15 g of total RNA from epimastigotes of T. cruzi was electrophoresed in agarose-formaldehyde gels, transferred, and hybridized with the same probe described above. range with a maximum at 100 nM (Fig. 6) .
Expression of the TczAC Gene during the T. cruzi Life CycleRegulation of mRNA abundance by post-transcriptional processing or stability has been consider as the main control mechanism of gene expression in trypanosomatids (41, 42) . Several genes have been reported to be expressed differentially in the different stages of these parasites (43) (44) (45) . To study whether the expression of TczAC correlated with the differential calcium regulation of adenylyl cyclase activity in T. cruzi membranes, specific reverse transcription-PCRs were performed using as primers a specific oligonucleotide corresponding to the 5Ј-untranslated region and an oligonucleotide matching the sequence within the coding region of TczAC (Fig. 7) . Neither sequence used as a primer was present in other members of T. cruzi adenylyl cyclase family. As shown in Fig. 7 , TczAC is expressed in all of the parasite forms. This indicates that if TczAC is responsible for the calcium stimulation observed in trypomastigotes, a differential regulatory mechanism should be present in this life stage.
Dimerization of TczAC Catalytic Site-It has been suggested that an interaction between the CI and CII domains of mammalian membrane adenylyl cyclases is required for catalytic activity. In a similar way, it has been proposed that dimerization could be a regulatory mechanism of trypanosomatid adenylyl cyclases (46, 47) . In an attempt to determine whether TczAC could interact with itself and give rise to dimer, a yeast two-hybrid assay was performed. For this purpose, the TczAC CD used in complementation assays was subcloned in two yeast expression vectors: pBTM116, fused to the LexA DNA binding domain, and pGAD, fused to the Gal4 transcription activating domain (Fig. 8A) . Both plasmids were cotransformed into the S. cerevisiae L40 strain. This strain contains the yeast HIS3 and lacZ genes integrated as reporters. Both genes are under the control of the Gal1 minimal promoter fused to multimixed LexA binding sites. In this way, if the catalytic domains, which are fused to different components of the transcription factor, interact the two reporter genes should be expressed, rescuing the his Ϫ phenotype of the L40 strain and showing ␤-galactosidase activity.
Yeast cells expressing both fusion proteins CD-LexA (AC1) and CD-Gal4 (AC2) but not the controls expressing only one construction were able to rescue the his Ϫ phenotype of the L40 strain, indicating an interaction between the two proteins (Fig.  8B) . To assess the specificity of this interaction, yeast expressing CD-Gal4 (AC2) were cotransformed with the pBTM116 vector carrying the unrelated protein lamin in fusion with the LexA domain (LAM; Fig. 8A ). Yeasts expressing these constructions, AC2 and LAM, failed to rescue the his Ϫ phenotype of the strain (Fig. 8B) , confirming the specificity of the interaction between TczAC CDs.
In addition, the specificity was also corroborated by liquid ␤-galactosidase assays. As expected, AC1-AC2-expressing cells showed the highest activity (Fig. 8C) . No differences were observed between the nontransformed yeast and the controls.
Interaction of TczAC with Paraflagellar Rod Protein-A yeast two-hybrid screen assay was performed to identify putative intracellular regulators of the TczAC. The CD-LexA fusion (AC1) described previously was used as bait to screen a cDNA library from epimastigotes of T. cruzi subcloned in the pVP16 vector in fusion with the VP16 transcription activating domain (Fig. 9A) . In this case, an interaction between the TczAC CD and a protein encoded by one of the library plasmids would lead to the activation of the reporter genes.
Eight clones were able to rescue the his Ϫ phenotype of the strain and were positive for ␤-galactosidase activity. The DNA inserts of the eight clones were amplified by PCR, sequenced, and analyzed. One of the eight clones showed a 449-bp open reading frame, which encodes a 150-amino acid sequence that corresponds to amino acids 222-370 of the flagellar protein Fig. 9A ). Specificity of this interaction was studied using the lamin protein as described previously. Yeasts carrying the paraflagellar rod clone were induced to loose the bait vector by several rounds of curing in trp ϩ medium. Cured yeasts were transformed with the pBTM116-lamin plasmid (LAM, Fig. 9A ). As a second control the CD used as bait was subcloned in the pVP16 vector (AC3, Fig. 9A ) and cotransformed with pBTM116-lamin vector as well. All double transformants grew in trp Ϫ /leu Ϫ medium, but only the transformants carrying AC1 and PAR were able to grow in the absence of histidine, indicating that the interaction was specific (Fig. 9B ). Plate and liquid ␤-galactosidase assays were used to confirm and quantify the interaction (Fig. 9C) . Control experiments with L40 yeasts transformed with the bait or pVP16 alone were not able to grow and show no ␤-galactosidase activity.
To verify the interaction between the proteins, a full-length cDNA of the paraflagellar rod 4 was subcloned in fusion with the transcription activating domain and transformed into yeasts expressing CD-LexA (AC1). Identical results were obtained, full-length paraflagellar rod could rescue the his Ϫ phenotype and showed a high level of ␤-galactosidase activity when assayed as described previously (data not shown). This indicates that the interaction of TczAC with paraflagellar rod is in fact specific.
DISCUSSION
TczAC is a new member of the adenylyl cyclase family of T. cruzi. This protein has two novel features: it is the first adenylyl cyclase described in this parasite which is activated by calcium, and it can interact with the structural flagellar protein paraflagellar rod. To date many adenylyl cyclase genes have been reported in trypanosomatids, but little is known about their biochemical and regulatory properties.
The TczAC sequence shows all of the features described for trypanosomatid adenylyl cyclases (5-7): 1) it has a highly conserved catalytic domain and a variable N-terminal domain; 2) the identity with mammalian adenylyl cyclases is restricted FIG. 8 . Dimerization of TczAC. The catalytic domain of TczAC (CD) was subcloned in the plasmids pBTM116 and pGAD in fusion with the LexA DNA binding domain (AC1) and Gal4 activating domain (AC2), respectively. The L40 strain was transformed with one of the plasmids or both. As control for nonspecific interaction, yeast cells carrying the AC2 construction were cotransformed with the pBTM116 plasmid carrying the unrelated protein lamin (LAM). A, scheme of constructions used for dimerization experiments. B, the interaction between catalytic domains was determined by the ability of recombinant yeast to grow in the absence of histidine. C, the interaction was confirmed by liquid ␤-galactosidase assays of all transformant yeast. Assays represent one of four independent data sets. only to those amino acids required for catalytic activity; and 3) as determined by transmembrane prediction programs and hydrophobic plots, TczAC could have a structure identical to previously described trypanosomatid adenylyl cyclases. However, the presence of other transmembrane domains cannot be discarded, and the structure of TczAC could also differ from these enzymes in the number of transmembrane domains. In any case, this enzyme would have a large variable extracellular domain and a unique intracellular catalytic domain showing a receptor-like structure.
Northern blot analysis of TczAC showed that more than one isoform of this enzyme are expressed in the epimastigote stage of T. cruzi. If these proteins act as membrane receptors it is possible that each isoform would respond to a different ligand or signal. As described by Naula et al. (47) , "The populations of adenylyl cyclases may thus represent a repertoire of sensory receptors which allow the parasite to react appropriately to changes in its environment."
Previous reports have shown that the catalytic domain of TcADC1, another adenylyl cyclase from T. cruzi, can complement an Escherichia coli strain that carries a defect in the cya adenylyl cyclase gene (6) . The catalytic domain of TcADC1 also shows adenylyl cyclase activity when assayed in vitro. This work demonstrates that TczAC is able to complement an adenylyl cyclase yeast mutant deficient for activity. In this case, the complete protein is required for total complementation because the catalytic domain showed only a partial complementation of the yeast strain. Moreover, the specific activity observed with this protein is at least 10 -15-fold higher than the one observed for the catalytic domain alone, indicating that the entire protein is necessary to achieve maximum activity.
Biochemical studies of recombinant TczAC showed a response to divalent cations Mg 2ϩ , Mn 2ϩ , and Zn 2ϩ , similar to adenylyl cyclases previously described (1, 2, 6) . Interestingly, this work shows for the first time the inhibition of a trypanosoma adenylyl cyclase by a P-site inhibitor. This type of inhibitor binds to the purine ring binding site and specifically inhibits adenylyl cyclase activity (31, 32) . TczAC was demonstrated to be inhibited by 2Јdeoxy-3ЈAMP, a potent P-site inhibitor, at a concentration that is between those reported for mammalian and bacterial adenylyl cyclases. These results, and the fact that the amino acids required for the catalytic activity of mammalian adenylyl cyclases are conserved in this protein, suggest some degree of functional conservation in the catalytic mechanism for cAMP synthesis.
A novel feature of TczAC is that it can be stimulated by calcium. The stimulation observed was similar to that reported for ESAG4 adenylyl cyclase of T. brucei (38) . The interest of this result resides in that cAMP and Ca 2ϩ second messengers have been described to be the main signals involved in the differentiation process of these parasites (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) . Furthermore, according to our results, adenylyl cyclase activity in T. cruzi membranes is regulated differentially by calcium in different life forms of the parasite. Although there is a clear cross-talk The interaction between the TczAC catalytic domain and the flagellar protein paraflagellar rod was identified using the yeast two-hybrid screen. The L40 strain expressing the TczAC catalytic domain (CD) in fusion with the LexA domain (AC1) was retransformed with the positive clone VP16-paraflagellar rod (PAR) identified in the two-hybrid screen. As a control for nonspecific interaction, yeasts expressing PAR were transformed with the pBTM116 vector expressing the unrelated protein lamin (LAM) in fusion with the LexA domain (PAR). As a second control, CD was subcloned in the pVP16 vector (AC3) and also cotransformed with LAM. A, scheme of constructions used for yeast two-hybrid experiments. B, interaction was determined by the ability of rescuing the his Ϫ phenotype of the L40 strain and the presence of ␤-galactosidase activity. C, interaction in all transformants was quantified by liquid ␤-galactosidase assays.
between both signaling pathways, the activation mechanism of TczAC by calcium is unclear. As was described in this report calcium did not compete with zinc. Apart from that, bovine calmodulin failed to stimulate TczAC activity. In the same way, competition assays with the calmodulin-dependent kinase II peptide were unable to block the calcium activation of TczAC. T. cruzi calmodulin has only a 15-amino acid difference from the bovine, the two thus being highly homologous (97%). For this reason, although these experiments were done with a heterologous protein, it is likely that in T. cruzi the activation is not mediated by calmodulin. Taking into consideration that TczAC lacks domains involved in the direct interaction with calcium, it may be postulated that a calcium-binding protein, different from calmodulin, could regulate its activity.
Expression experiments of L. donovani adenylyl cyclase genes in Xenopus oocytes (46) and gel filtration analysis of GRESAG 4.3 adenylyl cyclase from T. brucei (47) suggested that these enzymes might act as dimers. Using the yeast twohybrid technique this work demonstrates the dimerization of the trypanosomatid adenylyl cyclase TczAC through its catalytic domain. These results suggest that dimerization would be a common mechanism of trypanosomatid adenylyl cyclases. This mechanism could be similar to some guanylyl cyclase receptors that act as dimers or oligomers. It is also possible to speculate that the trypanosomatid adenylyl cyclase may dimerize to adopt a structure similar to the mammalian catalytic site formed by the CI and CII catalytic domains of the same protein.
Finally, to identify possible intracellular regulators of TczAC a yeast two-hybrid screen was performed using the catalytic domain of the enzyme as a bait. TczAC was found to interact with the paraflagellar rod protein. This is an interesting result for several reasons. Paraflagellar rod protein is the main component of a unique trypanosomatid fibrous structure, called paraflagellar rod, which runs parallel to the axoneme structure along the flagellum (48 -50) . The flagellum of trypanosomatids, the main function of which has been related to motility and attachment, has also been proposed to act as a sensory organelle (48) . Supporting this, T. brucei ESAG4 adenylyl cyclase is one of the signaling proteins that has been described to be located in this organelle (38) . In this way, the interaction between TczAC and paraflagellar rod protein could be an indicator of the localization of this adenylyl cyclase isoform. Interestingly, the two adenylyl cyclases described to be located in the flagellum, TczAC and ESAG4 (38) , are the only trypanosomatid adenylyl cyclases known to be stimulated by calcium. In addition, the flagellum has been proposed to be a crucial organelle for calcium signaling because a large number of calcium binding proteins have been found to be located there (17) (18) (19) (20) (21) . Even more interesting is the fact that the paraflagellar rod protein has been demonstrated to bind T. brucei calmodulin in a calciumdependent manner (22) . Altogether, this evidence allows us to postulate that the cross-talk between cAMP and Ca 2ϩ signaling pathways might be located in the flagellum and that the calcium regulation of TczAC, and maybe ESAG4, could be mediated by the paraflagellar rod protein. Although speculative, this could be a novel regulatory mechanism of adenylyl cyclase enzymes. If this protein acts directly, as a bridge for the interaction with other regulators, or whether it is just involved in the localization of TczAC remains to be elucidated.
